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Abstract 
The performance of the interior insulation as a retrofit measure in historic wooden building was analysed. The designers’ view is 
that an interior insulation of 50mm mineral wool with vapour barrier is a safe solution. Probability of failure using mold growth 
risk as an indicator was calculated using stochastic method. Sensitivity analyses revealed that the existence of the vapour barrier is 
most influential. In addition, the insulation material layer is of critical significance. Of the boundary conditions the moisture excess 
has a higher effect than indoor temperature. The calculated probabilities showed high risk. Therefore, the considered insulation 
solution is an unreliable retrofit measure. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction
There is a need to improve thermal comfort and energy performance of the historic buildings to meet modern
requirements. Interior insulation is a possible solution when the architectural appearance is of high value and must be 
preserved. However, internal insulation may cause hygrothermal risk, therefore special requirements for the renovation 
solutions are set. To achieve a moisture safe renovation solution, careful design and risk analysis are needed. 
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Typically, to assess the hygrothermal performance and the moisture risks of the constructions the deterministic 
approach is used in the design process. The reliability can be defined as the probability for a solution to function 
without failure during a given interval of time. The reliability concept fundamentally requires the assessment of 
probabilities, calling for the application of probabilistic methodologies rather than deterministic techniques [1]. The 
different parameters influencing the hygrothermal performance of the retrofit measure have a stochastic nature. A 
stochastic method enables variations in material properties, climatic conditions, boundary conditions and differences 
in wall assemblies to be considered. The analyses can be carried out through testing the influence of a single input 
parameter to testing all input parameters.   
In several studies stochastic approach have been applied in the analysis of hygrothermal performance. The influence 
of material properties is reported in [2, 3, 4], the influence of one part of the wall assembly in [5], the performance 
assessment of interior insulation in [6], the performance of the building envelope in [7]. Previous studies have mainly 
focused on the influence of the stochastic nature of the material properties or on the performance of some parts of the 
wall assemblies. 
As a rule of thumb, the view established among designers is that a 50 mm of interior insulation of mineral wool 
with a vapour barrier is a safe solution and can be easily applied as a retrofit measure in Estonia. For our case study 
the measurements were performed inside the retrofitted walls in the typical historic wooden apartment building [8]. 
After one and a half year, the occupants of the apartment started to complain about their children’s health problems. 
The walls were opened and heavy mold growth was detected. Also, the opening of the retrofitted walls revealed 
differences between the design and the execution. The question about the reliability of the interior insulation arose. 
This paper analyses the probability of failure occurrence taking into account different scenarios regarding the interior 
thermal insulation used as a retrofit measure in historic wooden apartment buildings in cold climates.
2. Methods
Using a stochastic approach, the performance of the interior insulation as a retrofit measure in a historic wooden
apartment building was analyzed. Based on the measurement results, the simulation model was validated in the 
WufiPro5.3 (WUFI) [9]. The calibrated model was used to calculate the temperature and RH conditions in the wall.  
The outdoor climate conditions, indoor climate loads, different retrofitted wall assemblies and quality of 
workmanship were used as the varying input data parameters (see Fig. 1). The wall assembly with the average design 
values and with the average indoor temperature and moisture excess is considered as base case. The hygric properties 
of the material layers are described in more detailed manner in [9].  
Figure 1. Design variables for the hygrothermal simulation model. 
In this study the mold growth is considered as the performance indicator for risk assessment. According to [10], 
mould is one of the most hazardous contaminants of the indoor air and has to be prevented in any circumstances. 
Expected risk and durability of materials to mould growth can be predicted by calculating the mould index (M index) 
using the dynamic temperature and relative humidity histories of the subjected material surfaces [11]. M index was 
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calculated using an improved mould growth model [12]. M < 1 represents conditions with no mould growth, M = 1 
conditions with growth detectable with microscope, and M  3 visually detectable mould growth on a wooden surface. 
Uncertainty and variations in the distribution prevail in all the input data. The Monte Carlo method was used for 
sampling input variables according to their probabilistic distributions characteristics (Table 1). Sampling was done 
using random number generator. For the outdoor climate conditions, measured data from 30 years (from 1970 to 2000) 
were used for the simulations. Indoor climate conditions were simulated using the indoor hygrothermal load model for 
stochastic analyses presented in [13]. Altogether 100 combinations were generated and each combination represent an 
individual simulation. 
The logistic regression analysis was used to estimate failure probability depending on different variables (Table 1). 
The WUFI simulations and the statistical computing environment R were used to calculate the logistic regression 
coefficients. For each input variable (see Fig.1), three values were selected (-1;0;1), for variables with normal 
distribution average ± standard deviation (st.dev) values were applied, for variables with uniform distribution min, avg 
and max values were used, and for the vapour barrier YES or NO was selected. All together 486 combination were 
generated and WUFI simulations was performed to check whether an unwanted outcome (M index >1) occurs or not. 
Depending on the variables the probability for a solution to function without failure is between 0 and 100%. Using 
the regression coefficients, the probability of the unwanted outcome (M index>1) to occur can be calculated by 
equation: 
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where p is the probability that a case is in a particular category (M index > 1), e is the base of natural logarithms, 
Į is the constant of the equation and ȕi is the coefficients of the predictor variables x. 
3. Results
In the first step for 100 randomly generated simulation cases the temperature and RH conditions inside the wall
were simulated for one year period and the M index was calculated for all simulated cases. The M indexes calculated 
in first step for 100 randomly generated cases are presented in Figure 2. As a result of success (M index< 1) and 
failures (M index  1), it was found that the unwanted outcome occurred in 17 cases and 83 of the cases were safe. In 
17 cases out of 100, a statistical probability of interior insulation failure is 17%. For 30 year calculation period the 
unwanted outcome occurred in 26 cases and 74 of the cases were safe, a statistical probability failure is 26%. 
Figure 2. Calculated mould index between log and interior insulation layer of randomly generated 100 cases for one year period. 
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The coefficients returned from a logistic regression model are presented in Table 1. The coefficients express how 
the probability of the unwanted event to occur change with a one-unit change in the independent variable. In the studied 
case, the variable with the positive coefficient indicates that increasing the value of the variable raises the probability 
for the unwanted outcome (M index>1) to occur and the variable with the negative coefficient indicates that decreasing 
the value of the variable increases the probability of the event (M index>1) to occur.  
Table 1. Probabilistic parameters and regression coefficients 
Input variable Design value and distribution* R outcome 
Coefficients Standard error p-value 
Intercept -2.578 0.458 1.87·10-8
Thickness of insulation layer (mm) 50±30   (U min 20mm; max 80mm) 6.373 0.876 3.56·10-13
Thermal conductivity λ (W/m·K) 0.038±0.018  (U min 0.02; max 0.056) -6.709 0.918 2.78·10-13
Indoor temperature Ti (°C) 22.0±2.15   (N ȝ=22.0; σT =2.15) -2.429 0.430 1.59·10-8
Moisture excess Δν (g/m3) 2.51±1.07    (N ȝ=2.51; σΔν =1.07)  4.051 0.603 1.80·10-11
Vapour barrier  1 / 0   (D 1[yes] or 0 [no] ) -4.757 0.779 1.0·10-9
Thickness of log layer (mm) 145±30   (U min 115; max 175mm) -2.010 0.391 2.75·10-7
*explanation of distributions: U - uniform distribution between min and max value; D – discrete uniform distribution with option a and b;
N – normal distribution with mean value (ȝ) ±standard deviation (σ).
Intercept gives the odds for the unwanted outcome to occur in the base case. The probability for M index >1 in the 
base case is 0%. If the vapour barrier is not installed or is broken, then the probability for a solution to fail (M index >1) 
is 7 %, in the 0.95 confidence intervals 3% to 19%. 
In the sensitivity analyses, the existence of the vapour barrier is the most influential, because the wall is composed 
with exterior boarding that prevents the rain load and only moisture load is from indoors. In addition to the vapour 
barrier, the properties of the insulation material layer are of critical significance. From the boundary conditions, the 
value of the moisture excess has a higher effect than that of the indoor temperature. The change in probability of 
M index>1 in case of different insulation material layer thickness with and without vapour barrier in combination with 
average thermal conductivity, average log layer thickness and different indoor temperature (Ti) and moisture 
excess (Δν) is presented in Figure 3. For Ti and Δν the combinations of average ± st.dev values are considered (Ti avg; 
Ti+σT; Ti–σT; Δνavg; Δν+σΔν; Δν–σΔν). 
Figure 3. The change in probability of M index>1 in case of different input variables with and without vapour barrier. 
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To find the relation between the regressions analysis and the M index, the combinations of input variables generated 
for the first step WUFI simulations were used. The correlation between the calculated M indexes and the probabilities 
of a solution to function without failure of randomly generated 100 calculation cases are presented in Figure 4. 
Figure 4. Correlation between the mould index and the probability of a solution to function without failure. 
To assess the reliability, the boundary between safe and failure can be drawn in the intersection of the assessment 
criteria line and the probability line. The average probability for a solution to function without failure is 86% in the 
0.95 confidence intervals 64% to 100%. Based on the stochastic calculations, at the safety margin set on the lower 
0.95 confidence level, statistical probability to fail is 37% for the 50 mm thick interior insulation on the 145 mm thick 
log wall in typical indoor and outdoor climate conditions in Estonia. 
4. Discussion
The study is limited to the historic wooden apartment buildings in cold climate. The study contains simplifications
and assumptions. The applied retrofit measures are assumed to be installed in good quality. For probabilistic 
distribution characteristics the normal distribution is used for indoor temperature and moisture excess [10]. For thermal 
conductivity of insulation material, insulation material and log layer thicknesses uniform distribution (min, avg, max) 
is used to avoid preferring any certain values or value ranges. As a simplification, one type of vapour barrier 
(Zp=0.96 (m2•s•Pa)/kg; ȝ=190) was considered as installed or not (yes or no). “No” describes also a situation if barrier 
is broken. 
The Spearman correlation (ρ) is used to evaluate the rank correlation between M index values (randomly generated 
simulation cases) calculated in the first step and calculated probabilities (based on the regression coefficients) in the 
second step. Spearman ρ assesses how well the relationship between the two variables can be described using a 
monotonic function. The critical values of the Spearman’s correlation coefficient are presented in [14]. For probability 
of 0.0005 that the correlation occurred by chance the critical value ρ0.326 (sample size n=100). Values of the 
Spearman correlation close to 1 or -1 indicate high correlation between the compared indicators and values close to 
zero indicate low correlation. For the correlation between the M indexes and the probabilities the Spearman correlation 
indicates high monotony (ρ>0.82). 
Presently, no generally accepted agreement on the acceptable failure % exist for the risk assessment. In [15] the 
use of 10% percentile as the critical level for the hygrothermal dimensioning of the building envelopes is 
recommended. It is crucial to set the acceptance criteria taking into account the risks to occupants and the risks 
regarding the economic aspects. If we can take risks considering economic aspects, then we cannot risk with people’s 
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health. But in both cases, even if the acceptable limit is set on 10% the probability of the interior insulation to fail is 
too high. To lower the risk of failure, the design values of the retrofit solution have to be changed and analyzed more 
deeply in further studies. It is required to take preventive measures appropriate to interior insulation. It can be assumed 
that concerning thermal insulation, thinner material layer or materials with higher thermal conductivity should be 
considered compared to base case. In addition, reduced moisture excess (ventilation system) and proper indoor 
temperature (heating system) are of high importance to ensure the performance of the interior insulation. Therefore, 
considering interior insulation as a retrofit measure it must be installed in combination with properly functioning 
ventilation and heating systems. 
5. Conclusion
The probabilistic approach was applied to analyze the reliability of the interior thermal insulation as a retrofit
measure for historic wooden apartment buildings. Statistical probability for the 50 mm thick interior insulation on the 
log wall in typical indoor and outdoor climate conditions in Estonia to fail is too high. The results of the stochastic 
study of the test walls show, a solution that involves design values and boundary conditions with possible distributions 
considered is unreliable for the interior insulation.  
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